Abstract. elevation of serum parathyroid hormone (PTh) in patients with medullary thyroid cancer (MTC) is usually found in multiple endocrine neoplasia type 2a (Men2a). ectopic production of PTh is rare and its molecular etiology remains largely uninvestigated. We report a case of ectopic production of PTh by a sporadic MTC. The etiology of ectopic PTh gene expression was examined, focusing on gCM2 which has a crucial role in developing parathyroid glands. We observed ectopic expression of the PTh and gCM2 genes in tissues from the tumor and metastatic lymph nodes. however, gCM2 gene expression was also detected in adjacent thyroid tissue and lymphoblasts, in which PTh gene expression was absent. hypomethylation of the PTh promoter, which is reportedly associated with ectopic production of PTh, was not seen in either the tumor tissue or metastatic lymph nodes. Meanwhile, DNA hypomethylation was seen in a CpG island identified in the gCM2 promoter region, irrespective of the gCM2 gene expression status. We showed that transcriptional activity of the CpG island sequences cloned into a reporter plasmid was dependent upon DNA methylation. Finally, we present the first report of a PTh-producing MTC. There was no apparent association between ectopic PTh and gCM2 gene expression, despite co-expression of the two genes. neither genomic rearrangement nor Dna hypomethylation in the PTh gene appeared responsible for ectopic production of PTh. although Dna hypomethylation may be necessary for the gCM2 gene expression, ectopic expression of gCM2 won't be possible by Dna hypomethylation alone.
MedullAry thyroid cAncer (MTC) can occur sporadically (approximately 70% of total cases), in families, or as part of the multiple endocrine neoplasia (Men) type 2 syndromes, which constitute about 10-20% of cases. Medullary tumors derived from C cells not only secrete calcitonin, but also may produce several hormones and peptides including calcitonin gene-related peptide, serotonin, chromogranin a, prostaglandins, corticotropin releasing factor, adrenocorticotropic hormone, histaminase, ghrelin and somatostatin. Calcitonin secreted by these tumors rarely causes hypocalcemia, but may stimulate parathyroid hormone (PTh) secretion from the parathyroid gland [1] . There is, however, no report on an MTC producing PTh itself.
Multiple endocrine neoplasia type 2a (Men2a) is characterized by MTC, pheochromocytoma and hyperparathyroidism. C-cell hyperplasia or MTC occurs in virtually 100% of these patients, pheochromocytoma in 50% and hyperparathyroidism in 20-30% [2] . since ectopic production of PTh in cancer cells is very rare [3] [4] [5] [6] [7] , the occurrence of elevated serum PTh concentration in MTC raises suspicions of the Men2a syndrome.
in this paper, we describe a patient with elevated serum PTh concentration caused by an MTC, who represents the first confirmed case of an MTC ectopi-femoral vein. These results suggested a combined MTC and parathyroid adenomas. The cytological diagnosis of MTC was confirmed after total thyroidectomy, with the lesion area suspected of being parathyroid adenomas diagnosed histologically as metastatic lymph nodes of the MTC (Fig. 1C) . The tumor and metastatic lymph nodes histologically included no parathyroid gland. neither C-cell hyperplasia nor parathyroid adenoma was seen. no hyperplasia was observed in resected parathyroid tissues. she had no family history of MTC. genetic tests revealed a somatic mutation in the reT proto-oncogene occurring only in the tumor and metastatic lymph nodes, confirming a sporadic MTC with lymph node metastases (Figs. 2a and B) . a normal parathyroid gland at right upper pole of the thyroid was implanted in the forearm. The increased PTh concentration dropped down to a low level shortly after surgery, resulting in permanent hypocalcemia requiring long-term supplementation [<5-7.3 pg/ mL (reference range, 12-60 pg/mL)]. The surgical cally secreting PTh.
Materials and Methods

Patient Profile
a 43-yr-old female patient was admitted to our department in May 2000 for investigation of a thyroid nodule in the left lobe associated with an increased serum calcitonin level [799.1 pg/mL (reference range, 17.1-58.7 pg/mL)]. Laboratory testing revealed an elevated parathyroid hormone level, indicating hyperparathyroidism. ultrasound and computed tomography indicated no evidence of parathyroid enlargement, although Tc-99m-MiBi scintigraphy demonstrated foci of uptake just below the thyroid nodule, suspicious of a parathyroid adenoma (Table  1) (Fig. 1a) . Moreover, selective venous sampling implied increased levels of PTh surrounding the MiBi foci (Fig. 1B) . The selective sampling from cervical veins was performed after access through the right cols were approved by the institutional review boards of kanazawa university.
Immunohistochemistry immunohistochemistry of PTh and calcitonin was performed using standard techniques on formalin-fixed and paraffin-embedded (FFPE) sections of the thyroid specimen obtained at surgery. anti-calcitonin and antiPTh (1-34) (Dako, kyoto, Japan) antibodies were used in these preparations. treatment didn't completely correct the elevation of serum calcitonin (160-290 pg/mL). an increased level of carcinoembryonic antigen was postoperatively normalized (Table 1) . an increased progastrin-releasing peptide level have not yet been completely normalized [29.8-65 .0 pg/mL (reference range, <46.0 pg/mL)] (Table 1) . repetitive imaging tests have not yet disclosed any recurrence following surgery.
all samples were acquired with informed consent in accordance with protocols approved by the human subject protection committees. experimental proto- 
Analysis of gene expression
Total rna (1 µg) was reverse-transcribed using superscript ii (invitrogen) and random hexamer primers. Reverse-transcribed products were amplified by 40 cycles of PCr using various sets of primers: F; 5'-aaa aTC gga Tgg gaa aTC Tg-3' and r; 5'-gCa gCa TgT aTT gTT gCC CTa-3' for the PTh gene: F; 5'-aaC TCC CgC aTC CTC aag aag TCC-3' and r; 5'-CaT ggC TCT TCT TgC CTC agC TTC-3' for the gCM1 gene: F; 5'-agT Tga TTC CTT gTC gag ggC aCa-3' and r; 5'-TgT TgC Tga aaT gaC CaC TgC TgT C-3' for the gCM2 gene: and F; 5'-Caa gag aTg gCC aCg gCT gCT-3' and r; 5'-TCC TTC TgC aTC CTg TCg gCa-3' for the β-actin gene. The rT-PCr products were separated on 1% agarose gels and stained with ethidium bromide. MTC tissue from a 64-yr-old male patient with familial Men2a and lymphoblasts from a 28-yr-old male control were included in the gene expression analyses. We also used normal parathyroid tissue from a female patient, resected during a thyroidectomy because of Basedow's disease.
Southern blot analysis for the PTH promoter
a 10 µg aliquot of genomic Dna was digested with Psti (new england Biolabs), fractionated on a 1% agarose gel and then blotted onto nylon membranes. Prehybridization, hybridization and probe labeling were performed using alkPhos Direct (ge healthcare uk Ltd., Buckinghamshire, england), as reported previously [8] . The probes comprised the PCr products, using the following forward and reverse primers for the PTh promoter region (2986 bp): 5'-aag Cag TTC aCa CTC aaa Tga CCa aCa-3' and 5'-TCC aaa agC TTC TCa Tga aaa CCa aCC-3'.
DNA methylation analysis for the PTH and GCM2 genes
genomic Dna from the FFPe resection specimens was collected, treated with bisulfite and amplified using primers specific for the PTH gene (60 bp) (F; 5'-
Mutational Analysis of the RET gene
We analyzed the Dna from the patient's tumor tissue, metastatic lymph nodes, adjacent thyroid and blood leukocytes. The Dna from the paraffin-embedded tumor and lymph node samples was isolated, using a Ps isolation kit (Wako, osaka, Japan). Dna sequencing was performed for exons 10, 11, 13, 14, 16 and the flanking intron sequences of the RET gene using the aBi PrisM BigDye Terminator cycle sequencing kit (applied Biosystems Japan, Tokyo, Japan). The primers used in this study were as follows: exon 10 F; 5'-aCa CTg CCC Tgg aaa TaT gg-3' and 10 r; 5'-TgC TgT Tga gaC CTC TgT gg-3', exon 11 F; 5'-aTa CgC agC CTg TaC CCa gT-3'and 11 r; 5'-gga ggg Cag ggg aTC TTC-3', exon 13 F; 5'-gaT CgTTTg Caa CCT gCT CT-3' and 13 r; 5'-gga gaa Cag ggC TgT aTg ga-3', exon 14 F; 5'-aag aCC Caa gCT gCC Tga C-3' and 14 r; 5'-gCT ggg TgC aga gCC aTa-3', and exon 16 F; 5'-CTg aaa gCT Cag gga Tag gg-3' and 16 Firefly and Renilla luciferase assays were performed on 10 µL of cell lysates using a dual-luciferase reporter assay system kit (Promega). The results were calculated as the mean of triplicate assays and expressed as the ratio to the internal standard Renilla luciferase.
results
Immunohistochemistry for PTH and calcitonin immunodetection of PTh was not obvious in MTC tissue, while calcitonin-immunoreactivity was detected.
Identification of an activating mutation in the RET proto-oncogene sequencing analysis of the reT gene in genomic Dna from MTC tissue revealed a heterozygous missense mutation that changed codon 918 from aTg to aCg (Met to Thr) in exon 16. This mutation is present in almost 50% patients with a sporadic MTC [12] [13] (Fig. 2A) . FokI digestion also confirmed the mutation in metastatic lymph nodes, but neither adjacent thyroid nor leukocytes had evidence of a sporadic MTC (Fig. 2B ).
Gene expression of the PTH, GCM1 and 2 genes
RT-PCR confirmed ectopic gene expression of PTH by the tumor tissue and metastatic lymph nodes (Fig.  3) . To assess the molecular mechanisms underlying this ectopic expression of PTh, we analyzed gene expression of the gCM1 and 2 genes, which have been shown to play a major role in PTh secretion in gcm2-null mice [14] . gCM2 was expressed strongly in normal parathyroid tissue, consistent with a previous report [15] . gCM2 expression was also observed in both the tumor and metastatic lymph nodes, whereas gCM1 expression was seen only in the tumor, but not in the metastatic lymph nodes (Fig. 3) . Despite co-expression of PTh and gCM2 in the patient's MTC, we also detected gCM2 expression in the adjacent normal thyroid and lymphoblasts from a healthy control, in which PTh expression was absent. These results indicated gCM2 expression was not absolutely necessary for PTh gene expression.
Tgg gaT Tag agT Tga gag aaT Tga-3' and r; 5'-TTa CCT TCC CaC Caa aaa TCC-3'), and the gCM2 gene (84 bp) (F; 5'-gag Yga gTT ggg Tag aTg-3' and r; 5'-aaT aTC CCa aCT aaa CTa CaT CC-3').
The PCr products of the PTh promoter region were digested with hpy188i, which cuts only methylated DNA after bisulfite conversion, and then subjected to electrophoresis on 5% agarose gels, followed by staining with ethidium bromide.
For the gCM2 gene, at least ten PCr product clones generated using bisulfite-converted Dna from each FFPe specimen were chosen in order to analyze Dna methylation status, as described previously [9] [10] .
GCM2 promoter constructs
The flanking region of the gCM2 gene promoter was amplified from human genomic DNA, using a method we have reported previously [10] [11] . after digestion with kpni and nhei, the PCr-amplified fragments were subcloned into the pgL4.10 luciferase reporter plasmid. The inserts were sequenced to ensure fidelity of the amplified sequences. The oligonucleotides used were -45 kpni F (5'-aTg ggg TaC CCC TTC aCa CaC CCC aCT TTC-3'), -190 kpni F (5'-aTg ggg TaC Cag CTg CCa gag gTC gaT g-3'), and +250 nhei r (5'-aTC ggC Tag CTC CgC aga CTC TTC aag aaC-3').
Luciferase assay
The effect of Dna methylation on promoter activity was assessed, using a method we have reported previously [10] . Briefly, Sss I methylase was used for in vitro methylation of the gCM2 promoter luciferase constructs in a pgL4.10 vector. The constructs contained 2 different lengths of the gCM2 promoter. in each case, half of the Dna sample was methylated using sss i and the other half was incubated with sss i methylase in the absence of s-adenosylmethionine (mock-methylation). The efficiency of methylation or mock-methylation was determined with the methylation-sensitive restriction enzyme, naei. The human adrenocortical h295r cells were transfected with the following plasmids using Fugene hD (roche Laboratories, Basel, switzerland): (1) 300 ng of modified pgL4.10 firefly luciferase reporter plasmid containing methylated or unmethylated gCM2 promoter and (2) 15 ng of prL-Tk Renilla luciferase control reporter vector that contained cDna encoding Renilla and defined as follows; relaxed showed gray shading on the map (200 bp minimum length, 50% or higher g + C content, 0.60 or higher observed Cpg / expected CpG, post-processing: merge islands ≤ 100 bp apart), while strict showed black shading on the map (500 bp minimum length, 50% or higher gC content, 0.60 or higher observed Cpg / expected Cpg) (Fig. 5a) . Bisulfite sequencing revealed CpG dinucleotides within first exon of the GCM2 gene were largely unmethylated in all the tissues investigated (Fig. 5C ). since the gCM2 Cpg island was hypomethylated without gCM2 gene expression in a MTC tissue from a Men2a patient (Fig. 3) , Dna hypomethylation didn't appear to determine gCM2 gene expression.
Southern analysis for the PTH promoter
as amplification and rearrangement of the PTh promoter has been reported as a cause of ectopic PTh expression in ovarian cancer [4] , we performed southern blotting which revealing no evidence of similar abnormalities (data not shown).
DNA methylation analysis for the PTH and GCM2 genes
hypomethylation of the PTh promoter has also been reported in a case of pancreatic cancer [7] . We analyzed Dna methylation status at the Cpg site that is reportedly associated with PTh gene expression in parathyroid glands [16] . Combined bisulfite and restriction assays did not demonstrate hypomethylation in either the tumor or metastatic lymph nodes. The methylation status of the MTC was similar to that of the adjacent normal thyroid, whereas hypomethylation was seen in normal parathyroid, as reported previously [16] (Fig. 4) . as PTh expression was present in the MTC tissue and absent in the adjacent normal thyroid, this indicated Dna hypomethylation at the Cpg site was not necessary for ectopic expression of PTh.
CpG islands of the GCM2 gene were identified in MapViewer, showing regions of high g + C content in the assembled genome sequence. Two sets of criteria, "strict" and "relaxed" were used for Cpg islands MTC tissue from a 64-yr-old male patient with familial Men2a and lymphoblasts from a 28-yr-old male control were included in the gene expression analyses. We also used normal parathyroid tissue from a female patient, resected during thyroidectomy because of Basedow's disease. 
A B
rum PTh concentration caused by ectopic production of PTh by a sporadic MTC. ectopic production of PTh is very rare [3] [4] [5] [6] [7] [17] [18] [19] [20] [21] [22] [23] . in our patient, the serum level of PTh was elevated, a change which is not generally observed in cases of sporadic MTC. histological examination confirmed a diagnosis of MTC with metastatic lymph nodes. after removal of the tumor and metastatic lymph nodes, the patient's serum PTh level decreased to within the normal range. although immunohistochemistry was negative for PTh, ectopic PTh expression was confirmed by selective venous sampling and rT-PCr. elevation of serum PTh and calcitonin was observed in our patient. PTh elevates blood Ca 2+ level by dissolving the salts in bone and preventing their re-
Effect of DNA methylation on GCM2 promoter activity
To assess the transcriptional activity of methylated and unmethylated gCM2 promoter, luciferase reporter constructs containing varying lengths of the gCM2 promoter and its 5'-flanking sequence were transfected into h295r cells (Fig. 6) . Basal luciferase expression levels of unmethylated constructs were consistently higher than in the methylated constructs. These results suggested that Dna methylation within the gCM2 promoter region decreased gCM2 promoter transactivational activity. 29]. a Cpg island containing the promoter and exon 1 of gCM2 was largely hypomethylated in all tissues we investigated ( Fig. 5) , regardless of whether or not the gCM2 gene was expressed. We couldn't draw the conclusion that ectopic expression of gCM2 was dependent upon Dna methylation. Dna methylation, however, repressed the transcriptional activity of reporter constructs containing the gCM2 promoter (Fig. 6 ). Dna hypomethylation may be a prerequisite, but isn't a sufficient condition for the GCM2 gene expression. This is the first reported case of sporadic MTC producing PTh in which there was no apparent association between PTh and gCM2 expression. The causes of ectopic expression of PTh in this case appeared to be attributable to several diverse characteristics.
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Mitochondria-rich oxyphil cells presumably account for MiBi uptake in parathyroid lesions [24] . MiBi foci in metastatic lymph nodes led to the diagnosis of PTh-producing MTC in our patient. however, no increased uptake was observed in the MTC tumor itself. Blood flow and capillary permeability, plasma and mitochondrion membrane potentials, and cellular mitochondrial contents play important roles in its uptake by tumor cells [25] [26] . These factors may explain a difference in MiBi uptake between the MTC tumor and metastatic lymph nodes.
The specific absence of parathyroid glands has been reported in glial cells missing two (gcm2)-null mice. These mice had normal parathyroid hormone levels. Expression and ablation studies identified the thymus, where gcm1 is expressed, as an additional, downregulatable source of PTh [14] . Moreover, mutations in gCM2 transcription factors have been implicated in syndromes of hypoparathyroidism [27] [28] . gCM1 is primarily expressed in the placenta whereas gCM2 expression is restricted to parathyroid cells in humans. in our case, we therefore paid attention to the gCM2 gene in order to investigate the cause of ectopic PTh expression. however, this transcription factor was expressed in thyroid and lymphoblasts lacking PTh expression. We confirmed that whereas GCM2 might be necessary for parathyroid development, it was not absolutely necessary for PTh expression.
genomic rearrangement or hypomethylation of the PTh promoter region have been shown to be associated with ectopic PTh expression. however, we did not find these abnormalities, indicating that the cause of PTh transactivation was heterogeneous. as we identified no genetic and epigenetic changes within the PTH promoter, this indicated that some other trans-acting elements, except for gCM2, were involved in ectopic PTh activation in our case.
epigenetic regulation by methylation of 5'-cytosine of Cpg dinucleotides regulates gene expression. Cpg methylation of the promoter down-regulates transcription by preventing binding of positive transcription factors to their recognition sequences and by recruiting repressor molecules, such as methyl-Cpg-binding domain proteins and Dna methyltransferases [10, The results are expressed as luciferase activity normalized to co-transfected prL-Tk Renilla luciferase activity and represent the mean ± s.e. of triplicate experiments. nucleotide numbering is based on the transcription start site of the gCM2 promoter. We observed that unmethylated constructs tended to have higher promoter activity than methylated constructs.
